An increasing number of nonerythroid tissues are found to express hemoglobin mRNA and protein. Hemoglobin is a welldescribed gas transport molecule, especially for O 2 , but also for NO, CO 2 , and CO, and also acts as a reactive oxygen species scavenger. We previously found Hba-a1 and Hbb mRNA and protein at high levels within mouse periovulatory cumulus cells, but not in cumulus following in vitro maturation. This led us to investigate the temporal and spatial regulation in follicular cells during the periovulatory period. Cumulus-oocyte complexes were collected from equine chorionic gonadotropin/human chorionic gonadotropin-treated peripubertal SV129 female mice and collected and analyzed for gene expression and protein localization at a variety of time points over the periovulatory period. A further cohort matured in vitro with different forms of hemoglobin (ferro-and ferrihemoglobin) under different O 2 atmospheric conditions (2%, 5%, and 20% O 2 ) were subsequently fertilized in vitro and cultured to the blastocyst stage. Murine mRNA transcripts for hemoglobin were regulated by stimulation of the ovulatory cascade, in both granulosa and cumulus cells, and expression of HBA1 and HBB was highly significant in human granulosa and cumulus, but erythrocyte cell marker genes were not. Several other genes involved in hemoglobin function were similarly luteinizing hormone-regulated, including genes for heme biosynthesis. Immunohistochemistry revealed a changing localization pattern of HBA-A1 protein in murine cumulus cells and oocytes following the ovulatory signal. Significantly, no positive staining for HBA-A1 protein was observed within in vitro-matured oocytes, but, if coincubated with ferro-or ferrihemoglobin, cytoplasmic HBA-A1 was observed, similar to in vivo-derived oocytes. Addition of ferro-, but not ferrihemoglobin, had a small, positive effect on blastocyst yield, but only under either 2% or 20% O 2 gas atmosphere. The identification of hemoglobin within granulosa and cumulus cells poses many questions as to its function in these cells. There are several possible roles, the most likely of which is either an O 2 or NO sequestering molecule; perhaps both roles are engaged. The strong endocrine regulation during the periovulatory period suggests to us that one potential function of hemoglobin is to provide a short-lived hypoxic environment by binding very tightly any available O 2 . This, in turn, facilitates the differentiation of the follicle towards corpus luteum formation by enabling the stabilization of a key transcription factor known to initiate such differentiation: hypoxia inducible factor.
INTRODUCTION
Oocytes develop within avascular ovarian follicles, but the extent of the vascularity within the thecal layer surrounding large antral follicles within the ovary is strongly associated with oocyte health [1, 2] . Accordingly, several lines of evidence suggest that the oxygen content of follicles, which is determined by the level of vascularity within the thecal layer [2] and the depth of mural granulosa and cumulus cells that lie between the thecal layer and the oocyte [3] , is a critical parameter for oocyte competence.
Oxygen-dependent metabolism is a cell's most efficient means of energy production from energy substrates. The maturing oocyte's requirement for oxygen (O 2 ) is absolutely essential, as it is well known that this cell is highly dependent on oxidative phosphorylation for ATP production, and has little capacity to oxidize glucose through glycolysis. Instead, the oocyte depends preferentially on the production of carboxylic acids via the cumulus cells [4, 5] , with a contributory source of energy derived from intraoocyte lipids via beta-oxidation [6, 7] . This raises an intriguing question: does the maturing oocyte in a large antral follicle exist in a low-oxygen environment? If so, what mechanism allows it to cope? Adding to this intrigue, we have recently published that cumulus cells are highly responsive to a low-O 2 atmosphere during in vitro maturation (IVM), as they express hypoxia-inducible factor (HIF)-regulated genes under a low-oxygen atmosphere (2% O 2 ), and induce a HIF-response reporter under these conditions in vitro [8] . In contrast, neither preovulatory nor postovulatory in vivo-matured mouse cumulus-oocyte complexes (COCs) activate reporter activity, suggesting that initiation of an HIF response to low O 2 does not occur within the in vivo environment [8, 9] . This is in contrast to luteinizing granulosa cells of the periovulatory follicle, which, immediately after the luteinizing hormone (LH) surge, engage HIF signaling as a key pathway involved in the luteinization process [9] [10] [11] .
In adult mammals, hemoglobin is the functional gas-binding molecule found within human erythrocytes [12] . Functioning as a tetramer of alpha (hemoglobin alpha [HBA-A1] from the Hba-a1gene) and beta (hemoglobin beta [HBB] ) chains, each monomer contains a globin domain associated with a heme subunit, which allows for the binding and transport of oxygen [13, 14] . In addition to binding oxygen, other gasses, including carbon dioxide (CO 2 ), carbon monoxide (CO), and nitric oxide (NO), also bind hemoglobin [12] .
Prior to 1990, hemoglobin and myoglobin were the only described globins, and their described functions were limited to oxygen transport. In recent years, six additional globins have been described in vertebrates (androglobin, cytoglobin, globin E, globin X, globin Y, and neuroglobin) [15] . It is therefore no surprise that a role for hemoglobin outside of erythrocytes has emerged, with recent publications describing its presence in a number of other tissues. These include roles in sequestering NO, neutralizing reactive oxygen species (ROS), protection from apoptosis, regulation of signal transduction and iron metabolism, lipid metabolism, and a suggested role in hydrogen sulfide turnover. Local production of hemoglobin has been detected in the brain, lungs, kidney, immune system, vascular endothelial system, and female reproductive system, as well as in cancer cells [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Data from a microarray analysis of cumulus cells between in vivo-and in vitro-matured COCs revealed that two of the most differentially expressed genes were Hba-a1 and Hbb [16] . Here, we explore the temporal changes of hemoglobin expression and the genes regulating heme biosynthesis during the periovulation period in mouse COCs, describing, for the first time, a hormonally regulated expression pattern for hemoglobin subunits within both cumulus and mural granulosa cells. We also explored if the possible function of hemoglobin is oxygen transport during IVM under low-O 2 incubation conditions.
MATERIALS AND METHODS

Animals
SV129 mice were obtained from an internal laboratory breeding colony. All mice were maintained in 14L:10D photoperiod conditions and given water and rodent chow ad libitum. All experiments were approved by the University of Adelaide Animal Ethics Committee and were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Human Tissue Samples
Cumulus and mural granulosa cell samples were obtained from women seeking assisted reproduction at a private clinic in South Australia (Repromed) from February 2006 to April 2007, and recovered following aspiration of gonadotropin-stimulated follicles, during the course of in vitro fertilization (IVF) treatment, as described previously [27] . Ethics approval for the study was obtained from the Women's and Children's Hospital (Adelaide, SA, Australia).
Media
Unless otherwise specified, all reagents and antibodies were purchased from Sigma-Aldrich (St. Louis, MO). All media used were as previously described [28] . Briefly, COCs were liberated into aMEM supplemented with bovine serum albumin (BSA; ICPbio, Glenfield, New Zealand). Recombinant human follicle-stimulating hormone (50 mIU/ml; Organon, Oss, The Netherlands) was subsequently used for IVM. In addition, 1 lg/ml ferro-or ferrihemoglobin was added to maturation media. When further assessment of embryo development was required, the media were also supplemented with 1 lg/ll fetuin to prevent zona hardening. For embryo production following maturation, Research Vitro Wash, Fertilization, and Cleave media were used (Cook Medical Pty. Ltd., QLD, Australia). Maturation and fertilization media were pre-equilibrated for at least 4 h prior to use at 378C in a humidified 6% CO 2 atmosphere. 
Granulosa Cell and COC Collection and IVM
IVF and Embryo Culture
IVF and embryo culture were carried out as described previously [28] . Briefly, after 17 h of maturation, COCs were placed in fertilization medium for 4 h with sperm, which had been allowed to capacitate for 1 h prior to coincubation. Presumptive zygotes were transferred to culture drops, with cleavage rate assessed on Day 2 of culture and developmental stage on Days 5 and 6.
Tissue Preparation
Ovaries were collected from mice directly into 4% paraformaldehyde fixative in PBS and fixed at 48C for 24 h. Following fixation, tissues were washed three times in cold PBS over 24 h before being transferred to 75% ethanol (EtOH) in preparation for processing and paraffin embedding. Tissues were processed and embedded in the Leica TP1020 Tissue Processor (Leica Microsystems, NSW, Australia) using the following dehydration and embedding protocol: 1 h in 75% EtOH, 1 h in 85% EtOH, 1 h in 90% EtOH, 1 h in 96% EtOH, 23 1 h in absolute EtOH, 23 1 h in 100% xylene, and 23 1.5 h in paraffin wax under vacuum conditions. Tissues were then molded into wax blocks and stored for sectioning on a Leica Rotary Microtome (Leica Microsystems). All tissue sections were cut in serial 7-lm sections and fixed to slides in a 458C water bath, then dehydrated overnight at 378C prior to histological processing. IVM COCs for whole-mount analysis were fixed overnight in 4% paraformaldehyde, and then subjected to immunohistochemistry.
Immunohistochemistry
Ovary sections. Tissue sections (7 lm) were dewaxed in xylene and rehydrated through graduated dilutions of EtOH, and antigen retrieval was performed by incubation with 1 lg/ml Proteinase K (Sigma, Perth, WA, Australia) for 10 min at room temperature, following washing with PBS containing 0.025% Tween-20 (PBST; pH 7.4). Slides were then blocked with 10% goat serum in PBST for 1 h, then incubated with primary antibodies [1:500] overnight in a humid chamber at room temperature, and then washed well with PBST and incubated with biotinylated secondary antibodies (1:500; biotinylated goat-anti-rabbit, biotinylated rabbit-anti-rat; Millipore Corp., Billerica, MA) for 1 h at room temperature. Sections were then incubated with strepavidin-labeled Alexa-594 (Life Technologies, CA) and 4 0 ,6-diamidino-2-phenylindole (DAPI) nuclear stain for 1 h followed by mounting for visualization. Negative controls were incubated with species-and irrelevant isotype-matched primary antibodies.
Whole-mount COC. Following fixation, whole COCs were adhered on CellTak (Becton Dickinson, NJ) -coated slides and immunohistochemically stained using HBA antibody and DAPI (for nuclear staining). COCs were permeabilized in 0.25% Triton X-100 (USB Corp., OH), blocked for 2 h using 10% goat serum (Jackson ImmunoResearch, PA) and 0.2% Tween 20, and incubated overnight at 48C with 1/500 HBA antibody in blocking solution. On Day 2, COCs were washed and incubated for 2 h with 1:250 Alexa-594 goat anti-rabbit IgG (Life Technologies, CA) and 30 min with DAPI, then mounted under a coverslip. All slides were examined using an Olympus Fluoview FV10i laser scanning confocal microscope (Olympus, Tokyo, Japan). All false color images were collected simultaneously, and laser intensity settings remained uniform throughout.
Real-Time RT-PCR
Following collection for RT-PCR, samples were transferred into Red Blood Cell Lysis Buffer (Sigma) for 1 min at 378C, followed by addition of 4 volumes of warmed maturation media for inactivation. Samples were centrifuged for 5 min at 500 rpm, followed by washing in warmed medium to remove the lysis buffer. Samples were centrifuged again, the medium removed, and cell pellets snap frozen for subsequent analysis.
Total RNA was isolated using Trizol (Life Technologies, Mulgrave, VIC, Australia), according to the manufacturer's instructions, then extracted using the RNeasy Mini Kit (Qiagen, Chadstone Centre, VIC, Australia), per the manufacturer's instructions. First-strand cDNA was synthesized from 1000 ng BROWN ET AL.
of total RNA using random hexamer primers and Superscript III reverse transcriptase (Geneworks, Hindmarsh, SA, Australia; Invitrogen, Australia Pty. Table S1 ; all supplemental data are available online at www.biolreprod.org) were designed from published mRNA sequences from the National Center for Biotechnology Information PubMed database using Primer Express software (PE; Applied Biosystems, Foster City, CA) and synthesized by Geneworks. Real-time RT-PCR was performed in triplicate for each sample on a Rotor-Gene 6000 (Corbett Life Science, Sydney, NSW, Australia). In each reaction, cDNA from 10 ng total RNA, 0.1 ll forward and reverse primers, 5 ll SYBR Green Master Mix (Applied Biosystems), and water was added to a final volume of 10 ll. All primers were used at an optimized concentration of 25 lM. PCR conditions were as follows: 508C for 2 min, 958C for 10 min, followed by 40 cycles of 958C for 15 sec, followed by 608C for 60 sec. Single-product amplification was confirmed by analysis of dissociation curves and Gel Red-stained agarose gel electrophoresis. Controls included the absence of cDNA template or the reverse transcriptase enzyme in otherwise complete reactions; each showed no evidence of product amplification or genomic DNA contamination. All gene expression was normalized to an Rpl19 (RPL19; L19) loading control that was amplified in parallel for each sample. Results were then expressed as raw gene expression levels using the 2 À(DDCT) method [29] . The human ovarian cell samples were pooled mRNA from granulosa cells or cumulus cell of four patients. The human gene expression data presented represent the mean of triplicate runs, normalized to RPL19. In the case of HBA1, HBB, and GATA1, the data represent the mean of two independent sets of primers designed against each gene (Supplementary Table S1 ), run in triplicate.
Ltd.). Gene primers for real-time RT-PCR (Supplementary
Statistics
Results are presented as the mean 6 SEM. Statistical analyses were performed as indicated in the figure legends using GraphPad Prism Version 6 for Windows and SPSS Version 20 for Windows. All data were checked for normality and transformed where necessary, as indicated in the figure legends. One-way ANOVA, two-way ANOVA/univariate analysis, and t-tests were used as described in the figure legends, and statistical significance was considered at P , 0.05. Proportional data (embryo development) were arcsine transformed prior to statistical analysis. Embryo data were expressed as cleavage rate (% two-cell embryos from COC input), blastocysts from total embryos (Day-6 blastocysts from COC input), or blastocysts from cleaved embryos (Day-6 blastocysts from two cells).
FIG. 1.
Hemoglobin biosynthesis is regulated in granulosa cells during the preovulatory window. Real-time RT-PCR analysis of gene of components of hemoglobin biosynthesis and RBC markers in isolated granulosa cells at 4-h increments following hCG administration. Data represent the mean 6 SEM from four independent experimental replicates of three to five mice pooled for each time point. Statistical analysis was performed on log-transformed data using one-way ANOVA with Tukey post hoc test. Different letters represent statistical significance at P , 0.05. Alad, aminolevulinate dehydratase; Alas1, delta-aminolevulinate synthase 1; Alas2, delta-aminolevulinate synthase 2; Ashp, alpha hemoglobin stabilizing protein; Bpgm, 2-3-bisphosphoglycerate mutase; Cpox, coproporphyrinogen oxidase; Fech, ferrochelatase; Gata1, GATA binding protein 1; Hba-a1, hemoglobin alpha 1 subunit; Hbb, hemoglobin beta subunit; Hmbs, hydroxymethylbilane synthase; Hp, haptoglobin; Ppox, protoporphyrinogen oxidase; Slc4a1, solute carrier family 4 (anion exchanger) member 1; Urod, Uroporphyrinogen decarboxylase; Uros, uroporphyrinogen III synthase.
RESULTS
Hemoglobin Subunits Are Hormonally Regulated in Granulosa and Cumulus Cells During the Periovulatory Period
Real-time RT-PCR was used to explore the temporal regulation of hemoglobin subunits and of heme biosynthesis within isolated mouse granulosa and cumulus cells. In granulosa cells, Hba-a1 and Hbb mRNA were dramatically increased following hCG administration (4.7-and 4.5-fold, respectively), and were highest at 12 h following hCG (Fig. 1,  A and B) . Haptoglobin (Hp) mRNA, encoding for a protein that binds free hemoglobin and inhibits its oxidative activity, was increased 5.8-fold in granulosa cells at 12 h following hCG. Bisphosphoglycerate mutase (Bpgm) mRNA, encoding for the enzyme responsible for the production of 2,3-diphosphoglycerate (2,3-DPG), the molecule that regulates the oxygen affinity for hemoglobin by its affinity for binding to heme, was dramatically down-regulated following hCG treatment (Fig. 1, C and D) . Delta-aminolevulinate synthase 1 and 2 (Alas1, Alas2) are rate-limiting enzymes in the production of heme biosynthesis, and their mRNA levels were both significantly up-regulated in granulosa cells following hCG treatment (3.3-and 5.5-fold; Fig. 1, I and J) .
Red blood cells (RBCs) expel their nuclei early in their maturation. Nevertheless, we examined the potential RNA contamination from RBCs by examining RBC mRNA markers.
FIG. 2. Hemoglobin biosynthesis is regulated in
COCs during the preovulatory window. Real-time RT-PCR analysis of gene of components of hemoglobin biosynthesis and RBC markers in isolated COCs at 4-h increments following hCG administration. Data represent the mean 6 SEM from four independent experimental replicates of three to five mice pooled for each time point. Statistical analysis was performed on log-transformed data using One Way ANOVA with Tukey post hoc test. Different letters represent statistical significance at P , 0.05. Alad, aminolevulinate dehydratase; Alas1, deltaaminolevulinate synthase 1; Alas2, delta-aminolevulinate synthase 2; Ashp, alpha hemoglobin stabilizing protein; Bpgm, 2-3-bisphosphoglycerate mutase; Cpox, coproporphyrinogen oxidase; Fech, ferrochelatase; Gata1, GATA binding protein 1; Hba-a1, hemoglobin alpha 1 subunit; Hbb, hemoglobin beta subunit; Hmbs, hydroxymethylbilane synthase; Hp, haptoglobin; Ppox, protoporphyrinogen oxidase; Slc4a1, solute carrier family 4 (anion exchanger) member 1; Urod, Uroporphyrinogen decarboxylase; Uros, uroporphyrinogen III synthase.
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GATA-binding factor 1 (Gata1), alpha-hemoglobin stabilizing protein (Ahsp), and solute carrier family 4 (anion exchanger) member 1 (Slc4a1, also known as Band 3) were expressed at levels 1-10 3 10 3 lower than that of the hemoglobins, eliminating the likelihood that hemoglobin expression seen in granulosa cells was from RBC contamination ( Fig. 1, E-G) .
Similarly to granulosa cells, Hba-a1 mRNA was significantly up-regulated in cumulus cells during the periovulatory phase (9.9-fold; Fig. 2A) ; however, due to high variability, Hbb tended to be increased, but failed to reach statistical significance (7.4-fold; Fig. 2B ). Hp was absent in cumulus cells (Fig. 2C) , while Bpgm was similarly down-regulated as in granulosa cells (Fig. 2D) . RBC markers Gata1 and Slc4a1 were undetectable in isolated cumulus at any time following hCG treatment, and, while Ahsp showed dramatic endocrine regulation, the levels of expression were considerably lower than that of hemoglobin (Fig. 2, E-G) . Alas1 was expressed at almost identical levels to that in the granulosa cells, although levels were variable and showed highest expression at 4 h posthCG (Fig. 2I) . All other components of the heme biosynthesis pathway were present in cumulus cells, but not significantly influenced by hCG administration (Fig. 2) . Additionally, we confirmed the original finding that Hba1 expression was lost during IVM ( Supplementary Fig. S1 ).
Pooled human cumulus and granulosa cells collected following oocyte aspiration in gonadotropin-stimulated IVF cycles both revealed strong expression of HBAI and HBB (Fig.  3) .
Hemoglobin Is Incorporated into the COC Following Addition During IVM
Two forms of commercially available hemoglobin were used as IVM supplements; ferro-and ferrihemoglobin. Ferrihemoglobin (or methemoglobin) refers to hemoglobin with the heme iron in the Fe 3þ oxidation state, while ferrohemoglobin refers to hemoglobin with the iron in the Fe 2þ (or reduced) oxidation state-the state required for binding of oxygen. In immature COCs in vivo (eCG 46 h), HBA-A1 was detected within the cytoplasm of both the oocyte and cumulus cells, but was excluded from the germinal vesicle (Fig. 4, A-H) . Following hCG administration, hemoglobin alpha protein had a similar localization pattern within the expanding cumulus cells (Fig. 4, I-P) , but was now present as a punctate staining pattern in the oocyte (Fig. 4, O and P) , and was also present within the perivitelline space. In ovulated COCs (16 h hCG) collected from the oviduct, cumulus cell HBA-A1 levels were reduced (Fig. 5, A-D ), but were maintained in the oocyte and perivitelline space. This differed extensively from oocytes matured in vitro: following 17 h IVM (20% O 2 ), HBA-A1 was detectable in the cumulus cells, but was completely absent from the oocyte (Fig. 5, E-H) , a pattern completely opposite to its in vivo-derived counterparts (Fig. 5,  A-D) . Interestingly, if either ferri-or ferrohemoglobin were added during the IVM period, HBA-A1 was detectable within the oocyte, suggesting that uptake of exogenous hemoglobin had occurred (Fig. 5, I -P).
Hemoglobin Addition During the IVM Period Improves Blastocyst Rate, but Only in the Ferrous (Fe 2þ ) Form
To assess the impact of supplemental hemoglobin during IVM on developmental capacity of oocytes under different O 2 atmospheres, we performed IVM at 2%, 5%, and 20% O 2 in the absence or presence of both ferro-and ferrihemoglobin. A dose of 1 lg/ml was chosen based on the current literature plus, in preliminary/workup experiments, we had used this concentration and observed uptake of hemoglobin into the cytoplasm of oocytes. Cleavage to two-cell stage was assessed on Day 2 and blastocyst rate on Day 6. There was no effect of the addition of hemoglobin on cleavage rate at Day 2 (Fig. 6A) ; however, there was a trend towards a statistical main effect of decreased cleavage rate following addition of ferrohemoglobin (Fe 2þ ) during IVM, independent of oxygen concentration (P ¼ 0.088; Fig. 6A) . Interestingly, addition of ferrohemoglobin (Fe 2þ ) during IVM tended to improve blastocyst yield under either 20% or 2% O 2 (trend; P ¼ 0.069), but not under 5% O 2 (Fig.  6C) . Ferrihemoglobin (Fe 3þ ) had no influence on blastocyst yield (Fig. 6C) . The effect of hemoglobin addition during IVM on blastocyst development was lost when analyzed as a percentage of COC input (Fig. 6B ).
DISCUSSION
Previously, we reported the presence of hemoglobin transcript and protein in the cumulus cells in of in vivomatured mouse COCs, but not within IVM COCs [16] . Here, we extend these observations significantly and describe the presence of hemoglobin transcript and protein within both mouse and human granulosa and cumulus cells, and demonstrate, in mouse, strong endocrine regulation. Additionally, we present the first evidence that hemoglobin, produced by the COC, but absent during IVM, can be replaced during this period. When provided in the reduced (Fe 2þ ) state under different O 2 atmospheres, Fe 2þ hemoglobin positively influenced subsequent embryo development.
Erythrocytes are not the only hemoglobin-producing cells. Other hemoglobin-producing tissues include brain, lungs, kidney, immune system, vascular endothelial system, female reproductive system, and cancer cells; however, its function within these tissues remains unclear. Very recently, HBA-A1 was described as a nitric oxide regulator in endothelial cells [20] . The reasons why antral follicles express hemoglobin remain to be established. One school of thought is that the antral follicle is a low-oxygen environment [3, 30] . While the measurement of O 2 in situ is fraught with inaccuracy, in a seminal publication, Van Blerkom et al. [31] described the large antral follicle as a low-O 2 environment, and reported that 
HEMOGLOBIN: REGULATED IN THE OVARIAN FOLLICLE
the health of the oocyte was sensitive to the O 2 content within the follicle. This is supported by Fischer et al. [32] , who reported that antral follicle O 2 levels decrease and are in the range of 50-60 mm Hg following hCG induction of ovulation. An alternative approach to direct measurement has been to mathematically model the theoretical content of O 2 in the follicle, based on arterial and venous O 2 levels and tissue respiration rates. Elegant modeling by Redding et al. [3, 30] revealed that forming a follicular antrum would enable adequate gas and substrate diffusion into an avascular spherical tissue, and allow it to grow. Even with antrum formation, Redding et al. calculated that oocytes in human antral follicles exist in a low-O 2 environment, with levels quite variable, around 1.5%-6.7% O 2 (11-51 mm Hg) [30] . The density of granulosa cells in the follicle was implicated in the establishment of the oxygen gradient, supporting an argument for follicular cellularity, and perhaps follicular size, in follicular oxygen tension. One possible reason for hemoglobin produc- tion in antral follicles prior to ovulation may that it acts as an O 2 ''reservoir,'' enabling oocytes to remain oxygenated, despite being some distance from the nearest vascularity. In contrast, given the O 2 content of the follicle decreases during the periovulatory period [32] , at which time an increase in follicular hemoglobin mRNA levels occurs concurrent with a decrease in the abundance of the bisphosphoglycerate mutase mRNA levels, the enzyme that regulates 2,3-DPG levels, it is plausible that O 2 is more tightly bound to hemoglobin following the LH surge, as a consequence of the loss of 2,3-DPG (Fig. 7) . The 2,3-DPG is the textbook regulator of O 2 displacement from hemoglobin. In the absence of 2,3-DPG, hemoglobin binds O 2 very tightly, requiring very low levels of tissue oxygenation to dissociate it from the protein. The importance of this may relate to the role of HIF activity during the transition from ovulatory follicle to corpus luteum. We have shown that, prior to the ovulatory surge, little HIF activity is observed in antral follicles [9] . However, following the LH 
surge, HIF activity is significantly increased, is a key player in signaling luteinization, and is common to a number of species [9, 11, 33] . We speculate that hemoglobin likely sequesters free O 2 , promoting the HIF-mediated events driving luteinization by inducing a transient hypoxic-like state (Fig. 7) .
To our knowledge, this is the first evidence that ovarian hormonal regulation of hemoglobin and heme synthesis occurs, specifically by the ovulatory signal cascade. However, major questions about its regulation in the ovary remain unanswered. There are several accounts from almost 50 years ago that some 5-beta-hydroxy-steroids are capable of stimulating heme biosynthesis. Pregnandiol and pregnanolone were shown to stimulate ALAS production in the liver, stimulating porphyrin (heme) synthesis, as well as in chick blastoderms [34] [35] [36] . In addition, the same steroids were shown to increase incorporation of 59 Fe into heme in an in vitro bone marrow erythroid culture system [37] . Heme biosynthesis is also required for other enzymes in the ovary, including cytochromes, required for hormone biosynthesis from cholesterol, and for catalase, which catalyzes the degradation of hydrogen peroxide to H 2 O.
Previously published reports investigated hemoglobin addition during embryo culture to bind and scavenge excess NO, often in addition to sodium nitroprusside (SNP), L-NGnitroarginine methyl ester (L-NAME), and other NO donors, as well as with ethylenediaminetetra-acetic acid and betamercaptoethanol [38] [39] [40] [41] . Evidence from mouse, cow, pig, and buffalo embryos, demonstrating that hemoglobin addition aids development during embryo culture, is varied [38] [39] [40] [41] [42] [43] . As far as we know, we are the first to examine the supplementation of hemoglobin during IVM, based on the observations that IVM-derived oocytes lacked cytoplasmic hemoglobin, unlike their in vivo counterparts. The optimal concentration for O 2 during mammalian oocyte IVM remains contentious [44, 45] , and it seems highly probable that oxygen concentration and media composition, especially in regard to glucose levels, significantly impact subsequent developmental outcomes [46, 47] . This suggests that, at least for spontaneous IVM conditions, regulation of NO is probably not a major role, as Fe 3þ -hemoglobin did not seem to have an impact. Furthermore, the benefit of Fe 2þ -hemoglobin under 2% O 2 may indicate either an O 2 sequestering or ROS scavenging role.
In conclusion, hemoglobin is expressed by the follicular cells of the ovary, and is regulated in response to the ovulatory signaling cascade. Further examination of the regulation of hemoglobin expression, and what hemoglobin itself is regulating, requires further examination. Practical application of hemoglobin supplementation during both IVM and embryo culture shows some promising trends in improving develop- FIG. 7 . Is hemoglobin regulating oxygen levels in the periovulatory follicle? Prior to the ovulatory signal (LH; hCG), hemoglobin and Hif levels are low and follicular oxygen concentration is high [9, 11, 32] . We believe that, following the LH surge, despite the increased vascular support and vascular permeability to the follicle, that hemoglobin (HBA-A1, HBB) within the follicle increases, and 2-3-bisphosphoglycerate decreases (which would result in a higher binding affinity of O 2 for hemoglobin), decreasing the levels of follicular oxygen [32] , thus triggering an increase in Hif-mediated ovulatory events and the initiation of luteinization [9, 11] . ; black) during IVM. IVM was performed under 2%, 5%, and 20% O 2 , followed by embryo culture at standard, 5% O 2 conditions. Cleavage and blastocyst rates (Day 6; from COC input [B] and from cleaved embryos [C]) were assessed following collection and oocyte maturation in control medium 6 ferro-and ferrihemoglobin (1 lg/ml). Data are presented as mean 6 SEM, n ¼ 4-7 independent experiments, representative of 160-310 oocytes per treatment group. Arcsine-transformed data were analyzed by univariate analysis to identify main effect and interaction and two-way ANOVA with Bonferroni post hoc test. *Statistical difference (P , 0.05) within developmental stage; # statistical trend (P , 0.09).
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ment, but requires further investigation to maximize this benefit. Given an increasing number of reports of different tissues involving a regulatory role for hemoglobin, this should become an increasing area of interest in reproductive biology.
